To develop a better understanding of the interaction between retroviruses and their hosts, we have investigated the polymorphism in endogenous murine leukemia proviruses (MLVs). We used genomic libraries of wild mouse DNAs and PCR to analyze genetic variation in the proviruses found in wild mouse species, including Mus musculus (M. m. castaneus, M. m. musculus, M. m. molossinus, and M. m. domesticus), Mus spretus, and Mus spicelegus, as well as some inbred laboratory strains. In this analysis, we detected several unique forms of sequence organization in the U3 regions of the long terminal repeats of these proviruses. The distribution of the proviruses with unique U3 structures demonstrated that xenotropic MLV-related proviruses were present only in M. musculus subspecies, while polytropic MLV-related proviruses were found in both M. musculus and M. spretus. Furthermore, one unique provirus from M. spicelegus was found to be equidistant from ecotropic provirus and nonecotropic provirus by phylogenetic analysis. This provirus, termed HEMV, was thus likely to be related to the common ancestor of these MLVs. Moreover, an ancestral type of polytropic MLV-related provirus was detected in M. spretus species. Despite their "ancestral" phylogenetic position, proviruses of these types are not widespread in mice, implying more-recent spread by infection rather than inheritance. These results imply that recent evolution of these proviruses involved alternating periods of replication as virus and residence in the germ line.
All inbred laboratory strains of mice contain numerous endogenous proviruses, of which those related to murine leukemia virus (type C MLVs) are the best-characterized group. Endogenous MLVs are divided into two major groups, ecotropic and nonecotropic, classified by their potential host ranges (4) . Ecotropic proviruses are present in one to five copies in some, but not all, common laboratory mouse strains (26, 30, 40) . Nonecotropic viruses are subdivided into three major groups, termed xenotropic, polytropic, and modified polytropic, and are present in about 20 copies each in the genome of inbred mice (21, 30, 50) . Many of these proviruses have been chromosomally mapped in laboratory strains, and several have been molecularly cloned and sequenced (3, 7, 19, 20, 21, 23, 27, 28, 32, 37) . These studies demonstrated that the nonecotropic MLV proviruses are highly polymorphic in their insertion sites and exhibit limited genetic variation from one provirus to the next. Our previous studies have shown that the members of each group of nonecotropic proviruses share a set of linked polymorphisms in env and the long terminal repeat (LTR) regions that distinguishes them from the members of other groups (12, 49) . Most usefully, the polymorphisms allowed us to develop a set of oligonucleotide probes that unambiguously detect members of each nonecotropic group in the mouse genome (18, 50) .
The nonecotropic proviruses are more widely distributed than the ecotropic proviruses and are also found in wild mouse species, especially Mus musculus, which are the progenitors of common inbred laboratory strains (7, 25, 26, 30, 54, 55, 63) . The distribution of the nonecotropic proviruses in taxonomically distinct wild mouse species indicates that these germ line sequences were acquired independently and have remained largely segregated in Mus (30, 55) . Either interbreeding between different subspecies or cross-species infection could have contributed to this spread. Some of the nonecotropic proviruses in wild mice have been cloned and analyzed (7, 55) . Recently, we have demonstrated that, although in common laboratory strains the linkage of group-specific sequences of the proviruses is strict, proviruses that combine env and LTR sequences from different groups are commonly observed in M. musculus subspecies (55) . Furthermore, we have found extensive genetic variation of nonecotropic proviruses in the wild mice (55) . These characteristics of the endogenous nonecotropic MLV proviruses provide better understanding not only of the host-retrovirus interaction but also of coevolution of MLVs and their murine host. Furthermore, because MLVs have survived as both viruses and endogenous proviruses in their murine hosts, analysis of the polymorphism of the nonecotropic MLV proviruses could give us a good way to understand adaptation of the MLVs to the hosts. In fact, the presence of endogenous proviruses that have undergone recombination with other endogenous viruses in wild mice implies that the endogenous proviruses have also adapted as viruses in their hosts (55) .
We describe here a systematic investigation of polymorphism of nonecotropic MLV proviruses in wild mice, including M. musculus subspecies (M. m. castaneus, M. m. musculus, M. m. molossinus, and M. m. domesticus), Mus spretus, and Mus spicelegus (formerly known as Mus hortulanus), as well as some inbred laboratory strains. Using genomic libraries of wild mouse DNA and specific oligonucleotide probes, we detected several unique U3 regions of nonecotropic proviruses and determined their detailed distribution in the wild mice. Although most of the structures were found only in M. musculus subspe-the SmaI site of the pUC119 vector. DNA sequences were determined in accordance with the double-stranded dideoxy-chain termination method (45) by using the Sequenase version 2.0 kit (United States Biochemical Co.).
Sequence alignments and phylogenetic analysis. Sequences were aligned by using the algorithm of Needleman and Wunsch (39) as implemented in the PILEUP program in the Genetics Computer Group (GCG) program (14) . For phylogenetic analysis, genetic distances between pairs of the sequences were calculated by the DNADIST or PROTDIST program in PHYLIP version 3.5 (16), using Kimura's two-parameter model (29) . A neighbor-joining tree was estimated by NEIGHBOR program and a bootstrap analysis (15) using 1,000 bootstrap replications to assess the support at each of the internal nodes of the neighbor-joining tree.
Nucleotide sequence accession numbers. Provirus sequences reported in this study have been deposited in GenBank under accession no. AF070719 to AF070732.
RESULTS
Our previous study demonstrated that nonecotropic MLV proviruses show extensive genetic variation in wild mice (55) . In particular, U3 regions of the proviruses are highly polymorphic, reflecting evolution of the MLVs in the mice. To investigate genetic variation of U3 regions in the endogenous nonecotropic MLV proviruses in more detail, we generated genomic libraries from M. m. musculus and M. m. molossinus DNAs. To analyze unique U3 forms of the nonecotropic proviruses, the libraries were screened by using xenotropic or other type-specific oligonucleotide probes, and individual fragments were selected and subcloned (see Materials and Methods). A number of clones containing either the 5Ј or the 3Ј LTR sequences of nonecotropic MLV proviruses were selected for analysis.
In addition to genomic libraries, U3 regions of the proviruses were also cloned following PCR amplification. For the PCR, we designed an antisense primer, Uniltr-4, in the R region of the LTR that annealed to all groups of nonecotropic proviruses and a sense primer, KS-50, derived from a conserved region near the 5Ј end of the LTR. We used this primer pair for amplification of U3 regions from wild mouse DNAs. The exact sequences and locations of the primers are shown in Materials and Methods and Fig. 1 , respectively. Amplified products were cloned into a plasmid vector and then sequenced. We have analyzed a total of 55 U3 clones from M. musculus and M. spretus species, designated by the prefix Mxv, Mcv, or SPR (Table 1) . U3 sequences of unique clones were aligned with those of previous isolates of MLVs. Although U3 sequences of the nonecotropic proviruses are highly conserved, reflecting their recent evolutionary relationship, the proviruses could be clearly classified by unique structural features resulting from duplication, deletion, or point mutation of the sequences.
The sequence regions in U3 useful for classification of the structures are indicated in Fig. 1 . The numbers of the boxed regions correspond to those in our previous study (55) . The 5Ј end is the most conserved site among known MLV U3 regions. The numbering of the boxed regions corresponds to that in our previous study (55) . UCR, upstream conserved region (17) ; DR, direct repeat.
It includes a PstI recognition site and the upstream conserved region (UCR) motif, CGCCAT (17) . The approximately 100-bp sequence following region 1 contains a number of coreenhancer binding sequences that are well conserved among nonecotropic proviruses. Some MLVs contain a direct repeat of the enhancer-rich region region 4. The 93-bp sequence immediately 3Ј to region 4 includes several transcriptional factor binding sites and is called the downstream-of-the-enhancer (DEN) region (57) . This region has been shown to play an important role in transcriptional activation of the LTR (10, 57) . Characteristically, the polytropic MLV-related proviruses contain a unique 190-bp insertion in the 5Ј end of the DEN region. The U3 regions of MLVs also contain both CAT and TATA promoter-associated motifs in the 3Ј ends of the sequences.
In the following paragraphs, we describe some specific features of these regions, which are useful for classifying the various provirus types and understanding their evolutionary relationships.
Structure of endogenous xenotropic MLV-related provirus U3 regions. The xenotropic MLV-related proviruses could be divided into four subgroups, termed X-I to X-IV (Fig. 2) . The type X-I proviruses include the previously identified proviruses Bxv1, NFS, and CWM, which encode infectious xenotropic virus (28, 35) . Bxv1 is also involved in the generation of oncogenic mink cell focus-forming (MCF) viruses in certain mice (23) . The X-I proviruses differed from the others by the presence of only one copy of region 1 as well as the enhancer-rich region 4. This group was also distinguished from the others by a number of single-base differences, some of which affected enhancer motifs.
Type X-II and X-III xenotropic MLV-related proviruses were isolated from M. m. musculus and M. m. molossinus, respectively, as well as inbred laboratory strains. The structures of X-II and X-III were virtually identical to each other (Fig. 2) . Both proviruses contained a 14-bp duplication of region 1 in addition to region 1 (1* and 1), and both types included common mutations in several regions, as well as a common insertion located 12 bp upstream of the CAT box. The X-III proviruses were distinguished by a 45-bp deletion in the middle of the enhancer region, resulting in the absence of CArG, LVb, and core-binding enhancer motifs. The deletion probably occurred by recombination between the 7-bp direct repeats, GGGCCAA, found at both ends of the deleted sequence in the X-II proviruses. Furthermore, half of the type X-III clones we examined contained an additional direct repeat of region 4 (data not shown). In addition, one X-II sequence, Xmv44 (52), contained an 11-bp deletion in the small region (region 5) repeat.
A few clones from the M. m. musculus library were classified as type X-IV. The U3 regions of these proviruses had the same structure as type A Poly/Xeno recombinant proviruses isolated from M. m. musculus and M. m. domesticus (55) . Although the U3 structure of this type of provirus was similar to that of the X-I proviruses, several common mutations found in the X-I proviruses were not conserved in type X-IV proviruses. For example, the region 1 sequence was different from that of the X-I provirus (Fig. 2) . Furthermore, the sequences of both enhancer and DEN regions clearly distinguished the X-IV proviruses from the X-I proviruses. Interestingly, this type of provirus was very similar to polytropic proviruses in the 3Ј end of the U3 region, including the CAT box.
Structure of endogenous polytropic MLV-related provirus U3 regions in wild mice. We next analyzed the U3 regions of polytropic MLV-related proviruses (Fig. 3) . Since previous studies showed that M. spretus species also carry polytropic MLV-related proviruses (7, 30) , we also isolated proviruses from M. spretus as well as M. musculus DNAs. U3 clones from M. spretus species were named with designations beginning with SPR. All proviruses contained a unique 190-bp insertion characteristic of this group (49) . Despite the similarity of these proviruses, they could readily be subdivided into several types.
The structures of type P-I and P-II proviruses were identical to those of proviruses isolated from inbred laboratory strains and previously classified as polytropic (MX27) and modified polytropic (MX33), respectively (49) . Both types were also found in M. spretus. The P-I and P-II proviruses shared a 14-bp duplication of region 1. P-I proviruses also differed by two deletions from other sequences. The lack of region 2 resulted in deletion of the CArG and LVb enhancer sequences. Furthermore, there was a 49-bp deletion in the variable 5Ј boundary region between the 190-bp insertion and original viral sequences where the P-II proviruses had an 11-bp deletion relative to the apparently complete P-III, -IV, and -V sequences. Both types lacked the region 5* duplication but contained a complete duplication of region 6 (Fig. 3) .
Mxv4 was isolated from the M. musculus library and classified as a type P-III provirus, although its U3 region was virtually identical to that of the P-II proviruses, since it lacked some nucleotide changes commonly found in the P-II proviruses and it carried an "intact" 190-bp inserted sequence. Type P-IV and P-V proviruses were detected in both M. musculus and M. spretus DNAs. The 5Ј half of the P-IV U3 sequence had the same structure as type B Xeno/mPoly recombinant proviruses from M. m. domesticus (55) . The sequences of the P-IV and P-V U3 regions were almost identical to each other but contained distinguishing deletions in the 5Ј portion. As with the P-I proviruses, the 23-bp deletion in the P-IV proviruses re- 
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a Type X-III proviruses that have an additional region 4 enhancer sequence. b Possible mosaic provirus between different xenotropic types.
sulted in the absence of CArG and LVb enhancer motifs. Both types also contained intact 190-bp insertions in the sequences. Interestingly, unlike other polytropic virus-related proviruses, both proviruses lacked the 1* and 6* duplications but contained the region 5* duplication. Moreover, the CAT boxes of these types resembled those of type X-II and X-III proviruses rather than the other polytropic MLV-related proviruses. Distribution of nonecotropic MLV proviruses. To investigate in detail the distribution of nonecotropic MLV proviruses in wild mice, we used structural features unique to each U3 type to design specific oligonucleotide probes. The locations of the probes are shown in Fig. 2 and 3 , and their exact sequences are listed in Materials and Methods. Using these probes, we analyzed PvuII-digested genomic DNAs from the wild and laboratory mouse strains listed in Table 2 . The approximate number of fragments reactive with each probe is also indicated in Table 2 . Because of the similarity of the U3 sequences of some proviruses, some probes detected more than one type. For example, a probe used for detection of X-IV proviruses, KT-59/60, could also hybridize to the P-IV and P-V proviruses ( Fig. 2 and 3 ). In this case, we determined the number of the X-IV provirus by subtracting the numbers of P-IV and P-V proviruses from those of KT-59/60 reactive fragments. As shown in Table 2 , wild mice contained large and variable numbers of proviruses.
The X-I, X-II, and X-III proviruses showed similar distributions in the wild mouse species. These proviruses were found only in M. musculus subspecies (Fig. 4A to C and Table 2 ). Although the probe specific for the X-I provirus detected a few fragments in M. m. domesticus DNAs (Fig. 4A , lanes j, and Table 2), the dominant carriers of the X-I and X-II proviruses were M. m. musculus and M. m. molossinus ( Fig. 4A and B, lanes f to i, and Table 2 ) with more than 50 fragments each in the latter DNA. M. m. molossinus DNAs also had a large number of X-III fragments, but only 12 fragments weakly reactive with the probe were found in M. m. musculus DNA (Fig.  4C , lane f, and Table 2 ). By contrast, X-IV-reactive proviruses were found in only two distinct species, M. musculus and M. spicelegus ( Fig. 4D and Table 2 ). The X-IV probe (KT-59/ 60) also detected fragments in M. spretus DNA ( o), but these bands belonged to either type P-IV or P-V proviruses (see below, Fig. 5C and D, lanes a to c) . Comigration of the fragments found in the two different M. spicelegus strains (PANCEVO/Ei strain and Halbturn) (Fig. 4D , lanes p and q) implies that this endogenous provirus is widespread in this species. Furthermore, the two X-IV fragments found in M. m. molossinus species comigrated with those of two laboratory strains (Fig. 4D, lanes b, d, and g to i) .
Almost all the fragments reactive with the xenotropic MLVrelated provirus probes could be detected by the more generalized xenotropic MLV-related provirus LTR probe, Xltr (Fig.  4E ) (55) , because all types of the xenotropic MLV-related proviruses conserved region 5 ( Fig. 2 and Table 2 ). The typespecific probes, however, allowed us to investigate the detailed distribution of each type of xenotropic MLV-related proviruses. For example, using the X-I probe we could see that the Bxv1 provirus fragment comigrated among three laboratory strains and one M. m. molossinus strain (Fig. 4A, arrow) . Furthermore, although we detected many xenotropic LTR-reactive fragments in both M. m. musculus and M. m. molossinus subspecies with the Xltr probe ( Table 2 ). Laboratory strains contained roughly equal numbers of the three types of proviruses, together accounting for most or all of the Xltrreactive fragments. By contrast, fewer fragments altogether were detected by the type-specific probes in M. m. castaneus, M. m. domesticus, and M. spretus than by the Xltr probe ( Table  2 ), indicating that these mice contain still another type(s) of xenotropic MLV-related provirus in the genomes. Note that the P-IV and P-V proviruses should also be detected by the Xltr probe (Fig. 3) .
Our previous study demonstrated that polytropic MLV-related proviruses are widely distributed in M. musculus subspecies and also suggested that the proviruses existed in the Mus germ line before subspeciation of M. musculus (55) . To verify and extend this observation, we next analyzed the distribution of the polytropic MLV-related proviruses using the typespecific probes (Fig. 5) . The P-I and P-II specific probes (Pltr and Mltr) detected specific fragments in M. musculus and M. spretus DNAs but not in others (Fig. 5A and B) . The M. spretus DNA contained 15 and 2 fragments specific for the P-I and P-II probes, respectively (Fig. 5A and B, lanes f, and Table 2 ).
The distribution of the P-IV and P-V proviruses was also examined by using specific probes. The P-IV provirus-specific probe, KT-58, detected two comigrating bands, most likely representing a single copy of this type of provirus, in the M. musculus and M. spretus species DNAs (Fig. 5C) . A similar observation was made by using the P-V specific probe, KT-76 (Fig.  5D) , with which fragments common to M. spretus and one strain of M. musculus were also observed. These observations suggested that these proviruses were integrated into the Mus germ line before separation between M. musculus and M. spretus species. Unfortunately, we could not generate a P-III provirus-specific probe because it lacks a sequence feature to distinguish it from the other polytropic MLV-related proviruses. However, hybridization with the probe, KT-69, that detected all types of polytropic MLV-related proviruses except for P-I provirus implied that the P-III provirus was found only in M. musculus subspecies and distributed predominantly in M. m. musculus subspecies ( Table 2) .
Sequence and phylogenetic analyses of M. spicelegus endogenous MLV provirus. Analyses using type-specific probes suggested the possibility that the X-IV-related provirus might represent the oldest type of nonecotropic provirus among those examined, since it was the only one detected in the relatively distantly related M. spicelegus. Thus, we cloned an X-IV-reactive fragment from this species in two steps. First, we used a PCR primer that recognized a conserved MLV group env sequence, Unienv-3 (Fig. 6A) , and an antisense primer, KA-59C, complementary to the X-IV-specific probe (Fig. 2  and 6A ) to amplify and clone the whole env region. To determine whether this cloned fragment was the same X-IV-related provirus detected in the analysis presented Fig. 4D , we hybridized PvuII-digested M. spicelegus DNAs with a specific U3 region probe, KT-61, designed from the cloned product. As shown in Fig. 6B , KT-61 detected two fragments identical to those seen with KT-59/60 (Fig. 4D) , indicating that the cloned fragment was indeed derived from the X-IV-related provirus. This provirus was named hortulanus endogenous MLV (HEMV).
To infer the host range of HEMV, we determined the nucleotide sequence of part of its env gene. The host range of MLVs is specified by two variable regions (VRA and VRB) in the 5Ј portion of the surface (SU) protein (Fig. 6A) (1) . The analysis indicated that the amino acid sequences of VRA and VRB of HEMV were quite different from those of other type C leukemia viruses (Fig. 6C) , although other parts of the Env protein were highly conserved. Most strikingly, HEMV encoded a very short VRA sequence in the genome, implying a host range distinct from that of other known MLVs.
For the second step, we designed an HEMV-specific sense primer located in the env region, HE-8 (Fig. 6A) , and performed PCR amplification with it and the Uniltr-4 antisense primer. The PCR product was purified and sequenced. By using a specific probe, the PCR product was confirmed to encode the HEMV U3 region (data not shown). The sequence of the HEMV U3 region is shown in Fig. 7 . Although this sequence was distinct from the other proviruses, it was still closely related to both ecotropic and nonecotropic MLV proviruses. A highly conserved 24-bp region, including the UCR motif, was present just 3Ј of the absent PstI site (Fig. 7A) . HEMV encoded only one region 1 and the sequence showed a 1-bp difference from that of the X-IV provirus. This difference probably accounts for the relatively weak hybridization signals seen with M. spicelegus DNAs by using the KT-59/60 probe (Fig. 4D) . Interestingly, the enhancer regions, including region 4, were well conserved among all MLV proviruses (Fig. 7A) . The corebinding and E-box 1 motifs of HEMV were found in ecotropic and nonecotropic types, respectively. The DEN region of HEMV was relatively close to that of ecotropic proviruses. Furthermore, HEMV had a complete CAT box, CCAAT, as was the case for the X-I and ecotropic proviruses. Moreover, unlike the U3 sequences of known MLV proviruses (22) , HEMV lacked both region 6 and region 6* in the 3Ј end of U3. Interestingly, simian sarcoma virus (SSV) (13), gibbon ape leukemia virus (GaLV) (56) , and feline leukemia virus (48) U3 sequences also lack these regions (Fig. 7B) .
To assess the phylogenetic relationship between HEMV and the other proviruses, we generated unrooted neighbor-joining phylogenetic trees for the env and U3 sequences of the proviruses presented here (Fig. 8) . In the env tree (Fig. 8A) , each group of proviruses was clearly separated from the others. Interestingly, HEMV was found to be equidistant from the ecotropic and nonecotropic proviruses as well as from the viruses of various species. The U3 tree also supports the phylogenetic position of HEMV and is also supported by bootstrap analysis (Fig. 8B and C) . These observations support the possibility that HEMV might resemble a common ancestor of recent MLVs. viruses are stable genetic elements that were fixed recently in the Mus germ line and are therefore highly polymorphic. Endogenous ecotropic MLV proviruses are also polymorphic but are neither widely distributed nor greatly amplified in mice (4, 12) , indicative of much more recent origin. Study of the nonecotropic MLV proviruses should provide a tool to obtain a better understanding of the association between retroviruses and their host during their evolutionary history. Here, we analyzed the extended genetic variation of nonecotropic endogenous MLV proviruses in wild mice including M. musculus, M. spretus, and M. spicelegus. We report here several new and distinct classes of nonecotropic provirus U3 sequences and their relationships to one another and to known endogenous proviruses.
The proviruses we studied showed a high degree of sequence similarity in U3, consistent with a recent evolutionary relationship. The 5Ј portion including the UCR motif, which is highly conserved among a large number of type C retroviruses (22) , was also the most conserved among the wild-mouse proviruses. This motif has been reported to function as a negative regulatory element in several murine type C viruses (17) . Other regions of U3 are less well conserved and allowed us to group the proviruses into a number of subtypes, using polymorphisms arising from duplication, deletion, insertion, or point mutation. A schematic view of the relationship among the various groups is shown in Fig. 9 , in the form of a possible scheme for their evolution. For example, type X-I proviruses contain distinctive enhancer-promoter sequences in the U3 region (Fig. 2) . All X-I proviruses include the consensus MLV core-enhancer binding motif and the factor binding sites in region 4 but not the direct repeats of region 4*, and almost all contain a unique set of factor binding sequences in the DEN region. Furthermore, the promoter-associated CAT box of these proviruses was a perfect match to the consensus.
Although we have not studied the functions of the enhancerpromoter sequences in the wild-mouse proviruses, the U3 regions of retroviruses, in general, are intimately involved in viral replication and pathogenicity (24, 33, 35, 36, 44, 53, 57, 64) . Among all known nonecotropic proviruses, only the X-I group includes proviruses capable of yielding infectious virus (28, 35, 41) . In this regard, lack of region 4* of the X-I proviruses could be critical. Duplication of core-enhancer regions of MLVs is associated with increases in transcriptional activity (9, 10, 35, 38, 57) , and strong enhancer activity in retroviruses often results in increased pathogenicity for the host (33, 35, 44, 53, 57) . Indeed, leukemogenicity of MCF viruses in certain mice is associated with and appears to be dependent on the acquisition (by recombination) of an X-I-type LTR followed by duplication of region 4 enhancer sequences (53) . In fact, MCF viruses harboring such repeated sequences have not been detected as endogenous elements in the mice (55) . Considering these observations, it is likely that X-I proviruses containing duplicated enhancer sequences could not remain in the mouse genome as endogenous elements on account of their strong enhancer activity.
The X-II and X-III proviruses were virtually identical to each other, and X-III was most likely generated by a deletion in the X-II provirus (Fig. 2 and 9) . Members of these two groups contained several unique point differences or deletions in their U3 sequences that differentiate them from others. Both X-II and X-III proviruses have been isolated in previous studies, although the sequence characteristics were not examined. Two provirus clones harboring the X-II-type U3 structure, pGP24 and pGP68 (46) , were cloned from a cDNA library from the liver of NZB mice and found to encode the env glycoprotein (gp70) found in serum and expressed as an acutephase protein in mice. Sequences related to these clones are highly expressed in the liver and kidney tissues of NZB mice injected with lipopolysaccharide (46) . Furthermore, two independent isolates, MRV (11) and EDV (31) , which are related to the murine AIDS (MAIDS) virus, were identified as proviruses containing the X-II-type U3 in their genomes. These two MAIDS-related viruses are endogenous in laboratory strains and have donated the gag sequences characteristic of MAIDS viruses to the related exogenous viruses by recombination (11, 31) . The X-III proviruses have also been cloned before. Insertion of Xmv28, an X-III provirus, into the mouse genome is associated with the rd mutation (6) .
The distribution of the proviruses also has important implications for the evolutionary relationship of the xenotropic MLVs. First, most of the xenotropic relatives were found only in M. musculus subspecies (Fig. 4 and Table 2 ). In particular, M. m. musculus and M. m. molossinus were the predominant carriers of the X-I, X-II, and X-III proviruses, indicating that they entered the mouse germ line after separation between M. musculus and M. spretus, probably around the time of subspeciation between M. m. musculus and M. m. domesticus. Despite their presence, the dissimilarities of the distributions and numbers of the proviruses among the subspecies imply that a variety of amplification and germ line integration events occurred after separation of the subspecies. Furthermore, the type-specific probes revealed introgression of some proviruses involved in pathogenicity or mutation into certain laboratory mice. The inbred strains could have inherited the Bxv1 MCFrelated provirus from the M. m. molossinus subspecies (Fig.  4A) . The MAIDS-related proviruses could have been generated after subspeciation of M. musculus and then acquired in laboratory strains from either M. m. musculus or M. m. molossinus (Fig. 4B) . Two mutation-associated proviruses, Xmv10 and Xmv28 (6, 61) , were probably inherited from the M. m. molossinus subspecies (Fig. 4C) . Further study of the distribution among mice of provirus integrated at specific sites will be required to determine the relationship between integration and speciation events.
Among xenotropic MLV-related proviruses, the X-IV type showed unique genetic features and a unique distribution pattern in the mice. Despite a xenotropic MLV-related U3 structure, the X-IV proviruses shared some common features with polytropic MLV-related proviruses, including identical region 1 and CAT box sequences. Furthermore, some X-IV proviruses and Poly/Xeno recombinant proviruses from M. m. musculus and M. m. domesticus contain polytropic virus-type env sequences (55) . Sequence analysis of a clone from our genomic library, Mxv11, indicated that the SU region of the provirus was more similar to that of polytropic viruses than to that of xenotropic viruses, although it contained a large deletion (data not shown). These observations imply that this type of provirus could be related to a recent common ancestor of the nonecotropic proviruses. It could be necessary to investigate larger numbers of samples from M. spretus or the related species to verify this hypothesis.
Polytropic MLV-related proviruses showed less diversity than xenotropic MLV-related proviruses in the wild mice (Fig.  3) . Sequence analysis demonstrated that proviruses analogous to polytropic (type P-I) and modified polytropic (P-II) proviruses in laboratory strains (49) were also present and widely distributed in M. spretus. This result was also confirmed by unblotting (Fig. 5 and Table 2 ). Among the polytropic MLVrelated proviruses, the predominant proviruses were of the P-I and P-II types, while P-IV and P-V were not widespread, although some proviruses yielded comigrating bands from DNAs from two distinct species, M. musculus and M. spretus ( Fig. 5C and D) . This result implies that polytropic MLVrelated proviruses were integrated into the Mus germ line before separation between these species, but that only the P-I and P-II proviruses were able to spread within the Mus genomes. Furthermore, the sequence analysis revealed that both the P-I and P-II proviruses contain an internal deletion in the 5Ј portion of the 190-bp unique insertion (Fig. 3) , while the P-III, P-IV and P-V proviruses contained intact forms of the inserted sequence in their genomes. This observation suggests that the P-I and P-II proviruses were derived from other polytropic MLV-related proviruses with an intact 190-bp insertion. It is likely that P-II was generated from the P-III provirus by simple deletion in the inserted sequence (see below).
One of the interesting findings of this study was obtained from analysis of the provirus from M. spicelegus, HEMV. Although originally detected with the type X-IV probe, the U3 region of this provirus does not belong with either the xenotropic or the polytropic group. HEMV junction fragments did comigrate in two different strains of M. spicelegus, indicating that it is indeed endogenous in these mice. In a previous study, a distantly related pathogenic ecotropic virus (Hortulanus MLV or HoMLV) was isolated from M. spicelegus species (59, 60) . It is believed, however, that HoMLV is exogenous and was acquired from Asian wild mice (59, 60) . The sequence and phylogenetic analyses of HEMV clearly demonstrate its close relationship to MLVs, but it is equidistant from ecotropic and nonecotropic provirus groups (Fig. 7B and 8) . These results suggest that HEMV is likely to be related to the common ancestor of MLVs. Despite the ancestral phylogenetic position of HEMV, however, the provirus is not widespread in wild mice (Fig. 6B) . This result implies a more recent spread by infection of the provirus rather than inheritance. Furthermore, the phylogenetic position of HEMV was also found to be equidistant from simian leukemia viruses (GaLV and SSV) and MLVs. Indeed, the sequence analysis also revealed that the 3Ј end of its U3 region is more closely related to the simian viruses than to the murine proviruses (Fig. 7B) . It is now believed that GaLV and SSV originated subsequent to a transspecies infection of primates by xenotropic viruses of murine origin derived from M. caroli, M. cervicolor, or other related mouse species (2, 34) . Although sequence analysis of the xenotropic viruses from M. caroli and M. cervicolor has not been carried out and the HEMV sequence was not detected in these species (Fig. 6B) , there is a possibility that HEMV is the origin of the GaLV/SSV group in primates. Moreover, an endogenous virus (MDEV) that shows a unique host range has recently been isolated from M. dunni (5) . The sequences of the vrA and vrB regions of both MDEV (62) and HEMV are consistent with a host range different from that of all other known viruses of this genus (Fig. 6C) . However, they are also quite different from each other and occupy distinct phylogenetic positions (Fig. 8A) .
Possible evolutionary relationships among MLVs in wild mice. The unique structural features and detailed distribution of the nonecotropic provirus U3 regions raise several interesting possibilities regarding their evolutionary relationships. In the scheme proposed in Fig. 9 , HEMV could represent the progenitor of the LTRs found in other nonecotropic proviruses. The HEMV U3 sequence could have evolved into the nonecotropic-type U3 and given rise to proviruses like the X-IV type following several mutations, including insertion of regions 6 and 6* and a number of duplication and recombination events. The X-IV sequences could generate P-IV and P-V proviruses by insertion of the 190-bp sequence and deletion of region 6*. The polytropic virus-like env sequence of the X-IV proviruses supports this evolutionary step. The P-IV and P-V proviruses seem to be ancestral forms of the polytropic MLVrelated proviruses. The P-III sequence could have been derived from P-IV and P-V following duplication of region 1, and it could have given rise to P-I and P-II proviruses by deletions FIG. 9 . A possible evolutionary scheme relating nonecotropic MLV U3 regions. Schematic representations of the U3 structures are shown. Locations of the UCR and CAT box are also shown. Corresponding clones are shown on the right of the structures. Clone pRFM17 was described previously (8) . Note that this scheme is parsimonious with respect to insertions and deletions. Discrepancies relative to the tree shown in Fig. 8 probably stem from these events having occurred multiple times.
including the 5Ј side of the 190-bp insertion. The apparent presence of type P-IV and P-V proviruses in both M. musculus and M. spretus suggests that the separation of these viruses occurred before the separation of M. musculus and M. spretus about 5 million years ago. Type X-I proviruses could have been derived from type X-IV proviruses by several mutations. The X-II and X-III proviruses could have been generated by duplication of region 1 from the X-I proviruses or recombination with polytropic MLV-related proviruses. These events could have occurred after the separation of M. musculus and M. spretus.
In order to accomplish these evolutionary steps, it would be necessary for the proviruses to have extended periods of replication as viruses and involve numerous mutational and recombinational events. Both the nature of the mutational events (duplications, insertions, and deletions, particularly involving enhancer regions) and their rapid accumulation over short evolutionary periods are inconsistent with mutations occurring during residence in the mouse germ line. These events are consistent with those commonly found in the generation of the recombinant MCF and MAIDS viruses derived in part from the X-I and X-III proviruses, respectively. Furthermore, a mosaic provirus, which has the type X-I enhancer-DEN region on the X-II-or X-III-based sequence, was found in a strain of M. m. molossinus, Mcv6 (Fig. 9) , directly implicating recombination during virus replication.
It is important to keep in mind that the scheme shown in Fig.  9 is the simplest, involving the smallest number of insertion, duplication, and deletion events. It shares many features with the point mutation-based tree shown in Fig. 8 , but the two patterns are not perfectly concordant, particularly in the polytropic lineage. This discordance implies that some events may have occurred more than once during the evolution of these viruses. Given the high frequency of recombination and duplication events observed during infection of a single animal (53) , it is likely that some of the duplication and deletion events have occurred multiple times during the evolution of these viruses. Figure 10 shows a schematic representation of the coevolution of MLV proviruses and the wild-mouse species we included in this study. The observation that the ancestral-type proviruses are not widespread in mice implies that these proviruses only recently expanded into these mice by infection rather than inheritance. Thus, rather than serving as either a static repository for ancient viruses or a reservoir from which exogenous viruses appear from time to time, endogenous proviruses should be viewed as a snapshot of a complex dynamic process involving long periods of replication as viruses, during which recombination and mutation events accumulate, and relatively recent germ line insertion. These proviruses could provide new genetic markers for the strain identification or evolutionary study of both MLVs and their murine host. The approach taken in this study will serve as the basis for further examination of the evolution and involvement of retroviral sequences in tumorigenicity in the murine host.
